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Hominoid- and human-specific genes may have evolved to
modulate signaling pathways of a higher order of complexity.
TBC1D3 is a hominoid-specific oncogene encoded by a cluster
of eight paralogs on chromosome 17. Initial work indicates that
TBC1D3 is widely expressed in human tissues (Hodzic, D.,
Kong, C., Wainszelbaum, M. J., Charron, A. J., Su, X., and Stahl,
P. D. (2006)Genomics 88, 731–736). In this study, we show that
TBC1D3 expression has a powerful effect on cell proliferation
that is further enhanced by epidermal growth factor (EGF) in
both human andmouse cell lines. EGF activation of the Erk and
protein kinase B/Akt pathways is enhanced, both in amplitude
and duration, by TBC1D3 expression, whereas RNA interfer-
ence silencing of TBC1D3 suppresses the activation. Light
microscopy and Western blot experiments demonstrate that
increased signaling in response to EGF is coupled with a sig-
nificant delay in EGF receptor (EGFR) trafficking and degra-
dation, which significantly extends the life span of EGFR.
Moreover, TBC1D3 suppresses polyubiquitination of the
EGFR and the recruitment of c-Cbl. Using the Ras binding
domain of Raf1 to monitor GTP-Ras we show that TBC1D3
expression enhances Ras activation in quiescent cells, which
is further increased by EGF treatment. We speculate that
TBC1D3 may alter Ras GTP loading. We conclude that the
expression of TBC1D3 generates a delay in EGFR degrada-
tion, a decrease in ubiquitination, and a failure to recruit
adapter proteins that ultimately dysregulate EGFR signal
transduction and enhance cell proliferation. Altered growth
factor receptor trafficking and GTP-Ras turnover may be
sites where recently evolved genes such as TBC1D3 selec-
tively modulate signaling in hominoids and humans.

Hominoid- or human-specific genes are among the most
important resources to have emerged from the completion of
the human genome project. Still, we know little about this small
group of genes, which presumably modulate or regulate signal-
ing pathways that have evolved to a higher level of complexity
and that distinguish hominoids and humans from less complex
species. TBC1D3 belongs to a hominoid-specific gene family
with no known orthologs outside of the primate lineage (1).
TBC1D3 was originally identified by Pei et al. as a prostate and
breast cancer oncogene (2). The TBC1D3 genes are arrayed
along a region of human chromosome 17 that has undergone
extensive intrachromosomal rearrangement and segmental
duplication following its probable recent appearancewithin the
hominoid lineage (3). Chromosome 17 has also been implicated
in a wide variety of human genetic diseases and encodes genes
involved in breast cancer (BRCA1), neurofibromatosis (NFI),
and theDNAdamage response (TP53). TBC1D3 (also knownas
PRC17), which encodes a protein containing a TBC (Tre-2,
BUB2, cdc16) domain, was shown to induce tumors in nude
mice and growth in low serum when exogenously expressed in
mouse 3T3 fibroblasts (2). Previous work from our laboratory
identified eight highly related TBC1D3 paralogs, organized in
two clusters within the 17q12 genomic region. These genes
potentially encode six individual TBC1D3 variants with differ-
ences in a handful of amino acids within the TBC domain.
Interestingly, we reported a tissue-specific transcription pat-
tern of TBC1D3 paralogs among normal human tissues and
documented alterations in this pattern in several prostate
tumors (1).
The EGF5 receptor (EGFR) is among the best studied recep-

tor tyrosine kinases. Once EGFR is activated by its ligand,
receptor dimerization and autophosphorylation occur (4), fol-
lowed by the recruitment of multiple adaptor proteins. Acti-
vated EGFRs are ubiquitinated, internalized, and transported
along the endocytic pathway while maintaining signaling.
EGFR belongs to the ERBB receptor signal transduction net-
work, extensively implicated in human cancer and a target for
cancer therapeutics (5). Numerous aberrations have been

* This work was supported, in whole or in part, by National Institutes of Health
Grants R01 GM42259 (to P. D. S.) and R01 GM67945 (to S. P. G.). This work
was also supported by the Jose Carreras International Leukemia Founda-
tion (to M. A. B.). The costs of publication of this article were defrayed in
part by the payment of page charges. This article must therefore be hereby
marked “advertisement” in accordance with 18 U.S.C. Section 1734 solely to
indicate this fact.

□S The on-line version of this article (available at http://www.jbc.org) contains
supplemental Figs. S1–S3 (Data 1–3).

1 Present address: Dept. of Biology, Washington University, St. Louis, MO 63110.
2 Present address: Dept. of Protein Chemistry, Genentech, Inc., San Francisco,

CA 94080.
3 Present address: Dept. of Biological Sciences, Florida International Univer-

sity Miami, FL 33199.
4 To whom correspondence should be addressed: Dept. of Cell Biology and

Physiology, Washington University School of Medicine, 660 S. Euclid, St. Louis,
MO 63110. Tel.: 314-362-6950; Fax: 314-362-1490; E-mail: pstahl@wustl.edu.

5 The abbreviations used are: EGF, epidermal growth factor; EGFR, EGF recep-
tor; Erk, extracellular signal-regulated kinase; MAPK, mitogen-activated
protein kinase; siRNA, small interference RNA; RT, reverse transcription;
PBS, phosphate-buffered saline; RBD, Ras binding domain; GST, glutathi-
one S-transferase; CMV, cytomegalovirus; E3, ubiquitin-protein isopeptide
ligase; EEA1, early endosomal antigen 1.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 283, NO. 19, pp. 13233–13242, May 9, 2008
© 2008 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

MAY 9, 2008 • VOLUME 283 • NUMBER 19 JOURNAL OF BIOLOGICAL CHEMISTRY 13233

http://www.jbc.org/cgi/content/full/M800234200/DC1


shown in ERBB receptor genes (deletions, insertions, and point
mutations) that may alter both signaling and membrane traf-
ficking pathways (6, 7). Normal tissue morphogenesis, homeo-
stasis, and growth depend on finely orchestrated cellular
responses to growth factors and cytokines. Thus, it has been
proposed that dysregulation of the endocytic machinery might
lead to uncontrolled cell growth by disturbing the specificity
and duration of one or more signaling pathways (8).
We speculated that TBC1D3 might modulate EGFR signal-

ing and trafficking events triggering cell proliferation. In the
presentwork, we examined the signaling, trafficking, and fate of
the EGFR in murine and human cells expressing or depleted of
TBC1D3.We show that the activation of Erk and protein kinase
B/Akt pathways, the kinetics of receptor trafficking, and EGF-
induced cell proliferation are modulated by TBC1D3 expres-
sion. Understanding the mode and mechanism of action of
TBC1D3may provide a unique insight in the “biological ration-
ale” by which recently evolved genes modulate signaling path-
ways in a human-specificmanner and thereby createmodels for
exploring the role of human-specific genes in humanmetabolic
control and physiology.

EXPERIMENTAL PROCEDURES

Reagents—125I-Labeled human EGF and [methyl-3H]thymi-
dine were purchased from Amersham Biosciences. Antibodies
against phospho-Akt, phospho-MAPK, total Akt, and total
MAPK were from Cell Signaling Technology (Beverly, MA).
Cbl antibody was from BD Transduction Laboratories (Rock-
ville, MD). Monoclonal EGFR (Ab-5) antibody was purchased
from Calbiochem (San Diego, CA). Monoclonal Ras and poly-
clonal EGFR antibodies were from Santa Cruz Biotechnology
(Santa Cruz, CA). Monoclonal �-tubulin was purchased from
Sigma-Aldrich. The ubiquitin antibody was from Zymed Labo-
ratories Inc. (San Francisco, CA). The monoclonal antibody
directed against the C-terminal 50 amino acids of TBC1D3was
generated by the Hybridoma Center at Washington University
(St. Louis, MO). Alexa-Fluor conjugated antibodies were from
Molecular Probes (Carlsbad, CA).
Construction of Recombinant Retroviruses and Stable Cell

Lines Expressing TBC1D3—TBC1D3 paralog D cDNA (HGCN
designation), kindly provided by Dr. Jing Li (Tularik Inc, San
Francisco, CA), was subcloned into EcoRI/AccI restriction sites
of the pBABE-puro vector using the forward primer 5�-CAC-
CATGGACGTGGTAGAGGTCG-3� and the reverse primer
5�-CTAGAAGCCTGGAGGGAACTG-3�. To make stable cell
lines, 293T-packaging cells were cultured in Dulbecco’s modi-
fied Eagle’s medium containing 10% fetal bovine serum, peni-
cillin, and streptomycin. When cells reached 80% confluence,
they were transfected with either pBABE-puro:TBC1D3 or
empty pBABE-puro along with pCLEco (replication-incompe-
tent helper plasmid) for mouse cells or pUMVC3 plus pCVM-
VSV-G for human cells. Retroviral supernatant was collected
after 48 h and used with Polybrene (5 �g/ml) to infect either
human DU145 prostate cancer cells or mouse NR6 fibroblasts
already stably expressing the human EGFR (NR6:hEGFR) (9).
After incubation for 48 h the infected cells were selected with
medium containing puromycin (2 �g/ml). Single clones were
grown to obtain clonal stable cell lines.

TBC1D3 Silencing—TBC1D3 was successfully knocked
down using a commercial siRNA pool (SMARTpool, Dharma-
con). Briefly, DU145 cells were transfected with TBC1D3
siRNA (50 nM final concentration) or irrelevant siRNA (scram-
ble siRNA, Ambion) using Lipofectamine 2000 and were used
36 h later for the appropriate experiments. TBC1D3 depletion
was evaluated by RT-PCR. Cells were subjected to RNA extrac-
tion in RNase-free conditions using TRIzol (Invitrogen). The
RNA was then used to detect TBC1D3 transcript levels by
RT-PCR.
Cell Proliferation Assay—Cell growth was measured by thy-

midine incorporation into DNA. The cells (1 � 105 cells/well)
were serum-starved and incubated in the presence or absence
of 100 ng/ml EGF for 36 h. 1 �Ci/ml [methyl-3H]thymidine (2
Ci/mmol) was added in the last 6 h. The cells were then washed
three times with phosphate-buffered saline (PBS). The incor-
poration of [3H]thymidine into DNA was determined after
DNAprecipitationwith cold 10% (w/v) trichloroacetic acid and
cell solubilization in 0.1 M NaOH. Tritium was measured by
scintillation counting.
Ras Activation Assay—Raf-1 RBD (Ras binding domain)

expressed as a GST fusion protein was purified from Esche-
richia coli by immobilization on glutathione-Sepharose beads
and used to affinity precipitate the active form of Ras (Ras-
GTP) from cell extracts (10). Active Ras precipitation was visu-
alized by SDS-PAGE and Western blotting with a monoclonal
pan-Ras antibody.
Lysate Preparation, SDS-PAGE, and Western Blotting—To

prepare whole cell lysates, cell monolayers were washed with
PBS and lysed in ice-cold lysis buffer (PBS, 1% Triton X-100, 1
mM phenylmethylsulfonyl fluoride, 2 �g/ml pepstatin A, 2
�g/ml leupeptin, and 2�g/ml aprotinin). The lysates were clar-
ified by centrifugation, and protein concentrations were deter-
mined using the BCA Protein Assay Reagent Kit (Pierce). Pro-
teins were resolved by SDS-PAGE and transferred to
nitrocellulose membranes, which were blocked and probed
with the indicated antibodies. To determine relative protein
amounts, three representative exposures for each sample were
quantified using AlphaEaseFc software (Alpha Innotech Corp.,
San Leandro, CA).
Signaling and EGFR Degradation Assays—Akt and Erk1/2

activation and EGFR degradation were measured in cells
serum-starved for 5 h. Cells were incubated in the presence of
EGF (100 ng/ml) at 37 °C for different time points, washed with
ice-cold PBS, and lysed as described above. Proteins were sep-
arated by SDS-PAGE and analyzed by Western blotting with
phospho-Akt, phospho-Erk1/2, and EGFR antibodies.
Receptor Internalization—Cells expressing TBC1D3 or vec-

tor alone were serum-starved and then incubated at 4 °C for 1 h
with 70 ng/ml 125I-EGF (750 Ci/mmol), washed with ice-cold
PBS and warmed for different periods of time. At each time
point, unbound ligand was removed by washing the monolayer
five times with ice-cold PBS. Surface-bound and internalized
ligands were measured as described previously (11). Briefly,
surface-bound ligand was collected in ice-cold “acid strip”
buffer (50 mM glycine-HCl, 100 mM NaCl, 1 mg/ml polyvi-
nylpyrrolidone, pH 3.0), and internalized ligands were released
in 0.1 N NaOH. 125I-EGF was quantified by scintillation count-
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ing. Nonspecific binding (�3%) was tested in the presence of
unlabeled humanEGF (200 nM, Sigma) and subtracted from the
total. EGF internalization rates were estimated as the ratio of
internalized to surface-bound EGF.
EGFR Turnover—Cells were starved with media lacking cys-

teine andmethionine plus 5% of dialyzed fetal bovine serum for
30 min at 37 °C and were pulse-labeled by incubation with 100
�Ci/ml [35S]methionine (1175 Ci/mmol) in the same medium
for 1 h. Cells were washed and incubated in cold medium sup-
plemented with 2 mM each cysteine and methionine for the
indicated times in the incubator. Thereafter cells were lysed in
radioimmune precipitation assay buffer; EGFR was immuno-
precipitated by incubation with monoclonal anti-EGFR anti-
body and resolved by SDS-PAGE. The gel was dried, and radio-
activity was detected by autoradiography.
Immunoprecipitation—All immunoprecipitations were per-

formed by lysing the cells in ice-cold immunoprecipitation
buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Triton
X-100, 1 mM EGTA, 1 mM EDTA, 2.5 mM sodium pyrophos-
phate, 1 mM �-glycerolphosphate, 1 mM NaF, 1 mM sodium
orthovanadate plus protease inhibitors). After clarification,
protein concentrations were measured, and extracts were
immunoprecipitated by incubation with the appropriate anti-
body followed by immobilization on Protein G-Sepharose
beads (Sigma). Beads were resuspended in sample buffer and
analyzed by SDS-PAGE and Western blot with the indicated
antibodies.
Liquid Chromatography-TandemMass Spectrometry Analy-

sis of EGFR Ubiquitination—To examine the ubiquitination
pattern of the EGFR in cells that express TBC1D3, the ubiq-
uitin-AQUA method was used (12). Briefly, NR6:hEGFR:
TBC1D3 and NR6:hEGFR:vector cells were grown in 150-mm
dishes and treated or untreatedwith 100 ng/ml EGF for 5min at
37 °C. Lysates were generated by the addition of TGH solubili-
zation buffer (Triton X-100/glycerol/HEPES) containing 1%
sodium deoxycholate and 10 mMN-ethylmaleimide. EGFR was
immunoprecipitated by a monoclonal EGFR antibody. After
sequential washes with TGH/sodium deoxycholate buffer con-
taining 500 mM, 100 mM, and no NaCl, samples were separated
by SDS-PAGE and analyzed by mass spectrometry using
isotope-labeled internal standard peptides as previously
described.
Immunofluorescence—Cells were seeded onto glass cover-

slips (12 mm) at 0.5 � 105 per well, serum-starved, and cell-
surface EGFR was saturated with 200 ng/ml EGF (Calbiochem)
for 1 h at 4 °C. To follow internalization and trafficking of EGF,
the cells were washed and placed in complete, pre-warmed
(37 °C) media for different times. The coverslips were then
washed with ice-cold PBS, and the cells were fixed for 20min in
PBS containing 3% (v/v) paraformaldehyde and autofluores-
cence quenched in 50mMNH4Cl. The cells were permeabilized
with PBS containing 0.05% (v/v) Triton X-100 for 10 min,
and nonspecific binding sites were blocked with PBS con-
taining 1% (w/v) bovine serum albumin and 2% goat serum.
The coverslips were probed with primary antibodies fol-
lowed by fluorophore-conjugated secondary antibodies and
mounted onto slides with Fluorescent Mounting Medium
(DakoCytomation, Carpinteria, CA). Images were captured

using a microscope equipped with aMRC1024 confocal LSM
scanhead (Bio-Rad Laboratories).
Statistical Analysis—All experiments presented were

repeated a minimum of three times. The data represents the
mean � S.D. Student’s t test was performed to calculate sta-
tistical significance.

RESULTS

TBC1D3 Increases Cell Growth and Enhances the Prolifera-
tive Response to EGF—Initial reports identifying TBC1D3 as an
oncogene (2) led us to investigate the effect of TBC1D3 expres-
sion and silencing on EGF-induced cell proliferation. The stud-
ies were carried out in DU145 cells, a well established human
prostate carcinoma cell line. The cells were infected with retro-
virus encodingTBC1D3D, and the resulting transductantswere
selected to obtain a clonal cell line expressing TBC1D3 (desig-
nated as DU145:TBC1D3). Similar results were obtained when
different clonal cell lines were analyzed. DU145:vector (con-
trol) orDU145:TBC1D3 cells were incubated in the presence or
absence of EGF for 36 h. The incorporation of [3H]thymidine
into DNA was used as a measure of cell proliferation. The
results (Fig. 1A) are expressed as the percentage of thymidine
incorporation over control cells incubated without EGF (set at
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FIGURE 1. TBC1D3 increases EGF activation of cell growth through Ras
activation. A, DU145 cells expressing vector alone or TBC1D3 were serum-
starved and incubated in the presence or absence of 100 ng/ml EGF for 36 h.
Incorporation of [methyl-3H]thymidine into DNA was determined as
described under “Experimental Procedures.” Tritium was measured by scin-
tillation counting. Results represent the mean � S.D. of three independent
experiments done by triplicate (*, p � 0.01). B, DU145 cells stably expressing
TBC1D3 (T) or vector (V) were starved and stimulated or not for 10 min with
EGF (100 ng/ml). Cells were then lysed and incubated with GST or GST Raf1-
RBD glutathione-Sepharose beads for 1 h. The beads were washed and pro-
teins were analyzed by Western blot using an anti-pan-Ras antibody. Data are
expressed as percentage over non-stimulated vector (control) and represent
the mean � S.D. of three independent experiments (*, p � 0.01). WCL, whole
cell lysate.
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100%). DU145:TBC1D3 cells grewmore rapidly (�2-fold), than
control cells even in the absence of EGF. In the presence of EGF,
both control and DU145:TBC1D3 cells displayed enhanced
proliferation. However, EGF-treated DU145:TBC1D3 cells
experienced a proliferative response that increased the amount
of thymidine incorporation to �2.5-fold over that in vehicle-
treated cells. Similar results were obtained using other human
and mouse cell lines (data not shown). Experiments with
murine lines correspond to a true null, because the gene is
absent in the mouse genome. These results indicate that prolif-
eration, the furthest downstream response to EGF, is aug-
mented by the presence ofTBC1D3, raising the question of how
EGFR, TBC1D3, and proliferation are mechanistically linked.
TBC1D3 Activates Ras and Enhances Ras Activation in

Response to EGF—EGF receptor and other receptor tyrosine
kinase are coupled to their downstream targets and to cell pro-
liferation by Ras, which is constitutively activated in many
human cancers (13). To determine whether Ras is activated in
TBC1D3-expressing cells, GTP-Ras was monitored in cell
lysates using the Raf-1 RBD pulldown assay (10). GTP-bound
Ras was precipitated with GST-fused Raf-1 RBD from quies-
cent DU145 cells stably expressing TBC1D3 and control cells.
GST alone was used as a control to estimate unspecific binding.
The results showed that GTP-Ras was substantially increased
(over 2-fold) in cells expressing TBC1D3 under steady-state
conditions (Fig. 1B). To examine Ras following EGF stimula-
tion, serum-starved TBC1D3 and control cells were stimulated
for 10 min with 100 ng/ml EGF after which the lysates were
incubated with GST or GST Raf1-RBD glutathione-Sepharose
beads for 1 h. The Western blot in Fig. 1B demonstrates a
robust increase in Ras activation in TBC1D3-expressing cells,
which is enhanced almost 3-fold in response to EGFwhen com-
pared with control cells. Similar activation profiles were
obtained with other cell lines (data not shown).
TBC1D3 and EGF Synergize in the Activation of the Erk1/2

and Akt Pathways—Signaling through Erk1/2 and protein
kinase B/Akt are among the earliest post-EGF binding events
associated with delayed apoptosis or cell proliferation. To
investigate the effect of TBC1D3 on these two pathways,
DU145 control or DU145:TBC1D3 cells were incubated with
EGF at 37 °C, and levels of phospho-Erk1/2 and phospho-Akt
were recorded by Western blotting. Total cellular contents of
Erk1/2 or Akt were used to normalize the results in each
sample. The data depicted in Fig. 2 show that following EGF
stimulation both Erk1/2 and Akt activation were substan-
tially elevated in cells expressing TBC1D3.
A parallel study, measuring dose response to EGF, was car-

ried out with a well established mouse NR6 fibroblast line that
stably expresses both human EGFR (9) and TBC1D3 (desig-
nated hereafter as NR6:hEGFR:TBC1D3). Murine cells do not
express the hominoid-specific TBC1D3, and thus represent a
null background, an optimal setting uponwhich to examine the
effects of TBC1D3 expression. As shown in supplemental Fig.
S1, control cells (vector alone) incubated with EGF, displayed
activation kinetics that reached a maximum at 5 min for both
Erk1/2 and Akt. NR6:hEGFR:TBC1D3 cells exhibited a height-
ened response to each concentration of EGF, also reaching a
maximum at 5 min for both Erk1/2 and Akt. Additionally,

Erk1/2 signaling in control cells subsided after 5 min, whereas
TBC1D3-expressing cells sustained their Erk1/2 activation
beyond 30 min. Thus, increases in both the magnitude and
duration of Erk1/2 and Akt phosphorylation by TBC1D3
expression may account for the positive impact on cell prolif-
eration observed following EGF stimulation.
To rule out misleading phenotypes due to protein overex-

pression, we used RNA interference to suppress endogenous
TBC1D3. DU145 cells were depleted of TBC1D3 using a spe-
cific commercial siRNA pool (Dharmacon). Transcript levels
were evaluated by semi-quantitative RT-PCR 36 h later. A
scrambled, irrelevant siRNA (Ambion) was used as a negative
control. The extent of TBC1D3 silencing was �70% at the
higher concentration assayed (Fig. 3A). Different concentra-
tions of template demonstrated that the reactions fell within
the linear range of template versus PCR product. In agreement
with the results obtained when overexpressing TBC1D3,
silencing TBC1D3 expression suppressed the activation of both
Akt and Erk1/2 following EGF stimulation (Fig. 3B). Similar
results were obtained with two additional in-house designed
siRNAs (data not shown).
EGF Binding and Internalization Are Enhanced by TBC1D3—

EGF-EGFR internalization and degradation represent a well
studied paradigm for receptor tyrosine kinase trafficking (14,
15). To examine whether TBC1D3 regulates EGFR-mediated
endocytosis, 125I-EGF uptake was measured in NR6:hEGFR:
vector and NR6:hEGFR:TBC1D3 cells. Cells were serum-
starved and then incubated with 125I-EGF (70 ng/ml) at 4 °C to
allow ligand binding. After the cells were washed with ice-cold
PBS, EGF uptake was evaluated by shifting the cells to 37 °C for
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FIGURE 2. TBC1D3 expression enhances activation of Akt and Erk1/2 fol-
lowing EGF stimulation. DU145 cells expressing vector alone or TBC1D3
were serum-starved and incubated at 37 °C in the presence of 100 ng/ml EGF.
The cells were washed, lysed, and analyzed by Western blot. The bar graphs
were derived from densitometric analysis and show p-Erk1/2 and p-Akt nor-
malized to the actual protein loaded.
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different times. As shown in Fig. 4A, EGF accumulation, which
plateaued at 15min, was significantly greater in cells expressing
TBC1D3. However, the rate of EGF internalization, expressed
as the ratio of internalized to surface-bound EGF, was unaf-
fected by the presence of TBC1D3 (inset in Fig. 4A).When cells
were incubated with 125I-EGF for 3 h at 4 °C and surface-bound
ligand was released, a 2-fold increase in EGF binding was
recorded in cells expressing TBC1D3 (supplemental Fig. S2).
Increased cell surface EGF binding and enhanced EGF internal-
ization may be explained by higher levels of EGFR in cells that
express TBC1D3. Indeed, TBC1D3-expressing cells contain
�50% more EGFR at steady state than control cells (Fig. 4B).
The data in Fig. 4B (right panel) show the densitometric analy-

sis of multiple Western blots where
EGFR signals were normalized to
the total protein loaded. Similar
results were obtained using human
cell lines transiently transfected
with TBC1D3 (data not shown).
EGFR Degradation Is Delayed by

TBC1D3—Enhanced levels of EGFR
in cells expressing TBC1D3 could
be due to increased receptor synthe-
sis, delayed receptor degradation, or
both. Normally, EGF-EGFR binding
results in the internalization and
targeting of the receptor-ligand
complex to multivesicular endoso-
mal compartments followed by
lysosomal degradation of the com-
plex. One explanation for enhanced
EGFR levels in cells expressing
TBC1D3 could be a change in the
kinetics of EGFR degradation. To
test whether TBC1D3 slows this
process, DU145 cells were tran-
siently transfected with pCMV-
Myc-TBC1D3 or vector alone. After
48 h the cells were serum-starved
and incubated with EGF (100
ng/ml) at 37 °C for the indicated
times. Total cellular levels of EGFR
were quantified by Western blot
(Fig. 5A). Cycloheximide (25�g/ml)
was added to suppress de novo
EGFR synthesis. Control cells rap-
idly degraded EGFR following inter-
nalization; after 120 min of incuba-
tion with EGF, over 40% of the
EGFR signal was lost (see Fig. 5A,
right panel, for quantitation). In
contrast, in cells expressing
TBC1D3, EGFR degradation was
significantly delayed: merely 15% of
the receptor population was
degraded after 120 min, and only
after �4 h was there a substantial
reduction in EGFR (�40%). On the

contrary, when TBC1D3 was suppressed with siRNA, EGFR
degradationwas significantly increased (Fig. 5B).Whereas con-
trol cells expressing endogenous levels of TBC1D3 displayed
�40% receptor degradation after 120 min, TBC1D3-depleted
cells showed a faster degradation rate (�60%) at the same time
point. Comparable datawere obtainedwithmouseNR6:hEGFR
cells expressing TBC1D3 (supplemental Fig. S3). Moreover, we
obtained similar results using a fluorescent ligand for the EGFR
and observing cells by light microscopy; after 2 h of internaliza-
tion of Alexa488-EGF (200 ng/ml), EGF was barely detectable
in control cells, whereas the signal was readily apparent in cells
expressing TBC1D3 (data not shown). Finally, the delayed deg-
radation of EGFR was confirmed by a pulse-chase experiment
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FIGURE 3. TBC1D3 depletion decreases Akt and Erk1/2 activation. A, semi-quantitative RT-PCR. TBC1D3 was
suppressed in DU145 cells using a commercial siRNA pool (Dharmacon) as described under “Experimental
Procedures.” Transcript levels of TBC1D3 (top panel) were determined by semi-quantitative RT-PCR from con-
trol cells (lanes 1 and 2), cells transfected with irrelevant siRNA (lanes 3 and 4) and cells transfected with TBC1D3
siRNA (lanes 5–10). B, DU145 cells were transfected with TBC1D3 siRNA (50 nM), irrelevant siRNA (irrel) or
untransfected (Ctr). 36 h later the cells were serum-starved, incubated with EGF (100 ng/ml) at 37 °C for differ-
ent time points, and analyzed by Western blot. The bar graphs were derived from densitometric analysis and
show p-Erk1/2 and p-Akt normalized to the actual protein loaded.
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following metabolic labeling of cells with [35S]methionine (Fig.
6). EGFR was immunoprecipitated following various chase
periods with non-radioactive medium and was quantified by
densitometry of the autoradiograms. These experiments indi-
cated that, while NR6:hEGFR:vector cells retained �50% of the
radiolabeled receptor after a 3-h chase, 80% of the radiolabeled
EGFR was still detectable in cells expressing TBC1D3. In addi-
tion to slowed receptor degradation, it is formally possible that
the heightened EGFR expression in TBC1D3-expressing cells
could be in part due to enhanced receptor synthesis. However,
this is very unlikely, because the amount of receptor biosynthe-
sis measured after a 30-min chase period appeared similar in
cells expressing and lacking TBC1D3 (Fig. 6).
To better understand how TBC1D3 may be altering the

intracellular fate of EGFR, we evaluated the effects of TBC1D3
expression on EGFR trafficking by confocal microscopy.
DU145 cells stably expressing TBC1D3 or control cells were
serum-starved, incubated with 100 ng/ml EGF at 4 °C for 1 h,
and then shifted to 37 °C, after which they were fixed and pro-
cessed for immunofluorescence microscopy. No apparent dif-
ferences were detected in the cell surface labeling of EGFR or in
the co-localization with the early endosomal marker EEA1,
between TBC1D3-expressing and control cells at 0 and 10min,
respectively (data not shown). Following 45 min of internaliza-
tion, there exists little overlap between EGFR (green) and EEA1
(red) in control cells (Fig. 7A, upper panel), suggesting that the
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FIGURE 5. EGFR degradation is delayed in cells expressing TBC1D3.
A, DU145 cells transfected with pCMV-Myc-TBC1D3 or vector alone were
serum-starved and incubated with 100 ng/ml EGF at 37 °C for the indicated
times. The cells were washed, and lysates (10 �g of protein each) were ana-
lyzed by Western blotting. B, TBC1D3 depletion accelerates EGFR degrada-
tion. DU145 cells were transfected with a commercial siRNA pool (Dharma-
con) (50 nM), irrelevant siRNA (irrel) or untransfected (Ctr). 36 h later the cells
were serum-starved and incubated with 100 ng/ml EGF at 37 °C for the indi-
cated times. The cells were lysed and analyzed by Western blotting. Data are
presented as a ratio of the amount of EGFR present at each time point over the
amount in each sample at 0 min.
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FIGURE 6. TBC1D3 alters EGFR turnover. EGFR turnover was assayed by
metabolically labeling the cells with [35S]methionine for 1 h as described
under “Experimental Procedures.” Cells were chased in complete medium
supplemented with cysteine and methionine. At different times cells were
lysed, and EGFR was immunoprecipitated, resolved by SDS-PAGE, and
detected by autoradiography.
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FIGURE 4. TBC1D3 increases EGF internalization. A, NR6:hEGFR cells
expressing TBC1D3 were serum-starved and incubated at 4 °C for 1 h with
125I-EGF (70 ng/ml). Internalization at 37 °C was quantified as described under
“Experimental Procedures.” Inset: EGF internalization rate was estimated by
the ratios of internalized to surface-bound radioactivity. B, EGFR levels are
enhanced in cells expressing TBC1D3. NR6:hEGFR cells expressing TBC1D3 or
vector alone were lysed and analyzed by Western blot. The bar graph (right
panel) was derived from densitometric analysis and shows EGFR signals nor-
malized to the actual protein loaded, using the �-tubulin signal
(*, p � 0.01). The data are presented as means � S.D. of three independent
experiments.
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ligand had transited through early endosomes and progressed
to a later endocytic compartment (presumably late endosomes
or lysosomes). However, in TBC1D3-expressing cells at the
same time point, a significant portion of EGFR still appears to
be co-localized with EEA1 (Fig. 7A, lower panel). Two hours
later, the majority of the EGFR appeared to be degraded in
control cells (Fig. 7B, upper panel). Meanwhile, as shown
before, a significant portion of internalized EGFR is still travel-
ing through the endocytic compartment and a subset of EGFR
still co-localizes with EEA1 (Fig. 7B, lower panel). These results
were corroborated by fractionation experiments on sucrose
density gradients (data not shown). This study indicates that
TBC1D3 delays the exit of EGFR from early endosomes, possi-
bly extending the lifetime of the receptor.Moreover, these find-
ings suggest that the post-translational modifications that nor-
mally accompany EGFR trafficking andmediate its degradation
may be modulated by TBC1D3.

TBC1D3 Delays the Recruitment
of Cbl and Suppresses EGFR
Ubiquitination—Signal transduc-
ing receptors such as the EGFR are
commonly ubiquitinated following
activation as part of the mechanism
for targeting to the lysosomal or
proteasomal-degradative pathways
(16). Delayed degradation of EGFR
in cells expressing TBC1D3 may
result from failure of activated
EGFR to be properly ubiquitinated.
To examine this possibility, we ana-
lyzed the ubiquitination state of the
EGFR in TBC1D3-expressing (or
control) cells after ligand binding.
Cells were stimulated with EGF for
5min and lysed in buffer containing
10 mM N-ethylmaleimide (to pre-
vent loss of the ubiquitination sig-
nal). EGFR was immunoprecipi-
tated, resolved by SDS-PAGE, and
transferred tomembranes that were
probed with ubiquitin and EGFR
antibodies. The latter was used to
normalize the relative intensity of
the EGFR signal so that direct com-
parisons could be made. The results
shown in Fig. 8 confirm that EGFR
ubiquitination is reduced by �30%
when TBC1D3 is expressed. Simi-
lar results were obtained using
cells transiently transfected with
TBC1D3 (data not shown). Ubiq-
uitination of EGFR is mediated by
Cbl (17), an E3 ubiquitin ligase that
is recruited to activated EGFR, both
directly via EGFR-SH2 domain
interactions, and indirectly via a
second adaptor protein, Grb2 (18).
To determine whether the interac-

tion of EGFR with Cbl was disrupted by TBC1D3, co-immuno-
precipitation experiments were performed. As shown in Fig. 8,
the recruitment of Cbl to EGFR was substantially reduced in
cells expressing TBC1D3. Fig. 8 (lower panel) summarizes the
quantification of three independent Western blots where the
signals were normalized to the amount of EGFR precipitated in
each case. Equal amounts of c-Cbl were recovered in cells
expressing TBC1D3 or vector alone (data not shown).
EGFR Polyubiquitination Is Not Affected by TBC1D3—Dif-

ferent types of ubiquitin conjugates are involved in the regula-
tion of distinctive cellular processes (19).Whereas mono-ubiq-
uitination has been implicated in endocytosis and membrane
trafficking (20), polyubiquitin chains formed via ubiquitin
Lys-48 act as targeting signals for proteasome degradation, and
chains linked via Lys-63 are proposed to be involved in DNA
repair and endocytosis (21, 22). EGFR is modified by both
mono- and polyubiquitination (19, 23, 24). Our finding, that
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FIGURE 7. EGFR trafficking is altered by TBC1D3 expression. DU145 cells stably expressing TBC1D3 or vector
alone were starved and incubated with EGF (100 ng/ml) for 1 h at 4 °C. To follow EGF internalization and
trafficking, cells were washed and incubated at 37 °C for 45 min (A) or 2 h (B). The coverslips were then fixed,
probed for EEA1 with a monoclonal antibody (red) and EGFR with polyclonal antibody (green), and processed
for confocal microscopy as described under “Experimental Procedures.” Merged images demonstrate that after
2 h some EGFR molecules still co-localize with EEA1-positive organelles in cells expressing TBC1D3. Confocal
data are representative of at least three independent experiments. Scale bar, 10 �m.
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ubiquitination of activated EGFR is substantially reduced in
cells expressing TBC1D, led us to investigate whether the
nature of the ubiquitin linkage was modified as well. To quan-
tify the forms of polyubiquitin bound to the EGFR in NR6:
hEGFR:TBC1D3 cells, we used the ubiquitin-AQUA method
recently developed byKirkpatrick et al. (12). This strategy relies
on the use of a synthetic internal standard peptide that is intro-
duced at a known concentration to the cell lysates during diges-
tion. Control and TBC1D3-expressing cells were stimulated
with EGF for 5 min, and EGFR was immunoprecipitated from
cell lysates and resolved by SDS-PAGE. The gel was stained
with Coomassie Blue, and the region immediately above the
EGFR was excised and analyzed. The results are presented in
Table 1. Polyubiquitin chains linked through Lys-63 weremore
abundant than all the other linkages, comprising almost 35% of
the total EGFR ubiquitination. In addition, Lys-48 linkage was
also identified, representing �10% of the ubiquitinated EGFR.

The other ubiquitin forms (i.e. Lys-29, Lys-11, Lys-6, Lys-27,
and Lys-33) were below the limit of quantitation. The data
clearly indicate that, despite suppressed ubiquitination, the
linkage pattern for EGFR in TBC1D3-expressing cells was
nearly identical to that observed in control cells. We con-
clude that the impact of TBC1D3 expression on the fate of
internalized EGFR is not due to alterations in the type of
receptor ubiquitination.
TBC1D3 Is Localized to the Plasma Membrane—To local-

ize TBC1D3 by confocal microscopy, green fluorescent pro-
tein-TBC1D3 was transiently transfected into HeLa cells.
After 36 h post-transfection, the cells were fixed and pro-
cessed for immunofluorescence. A monoclonal anti-EGFR
antibody was used to visualize EGFR localization. The results
indicate that TBC1D3 mainly localized to structures at the
plasma membrane (Fig. 9, middle panel). These findings are
consistent with previous work on TRE17 (also known as Tre-2
or USP6), a novel Arf6 regulator that contains a similar TBC
domain, which also showed a membrane localization (25). The
merged panel (Fig. 9, right panel) clearly shows that TBC1D3
significantly co-localized with EGFR at the plasma membrane,
supporting the notion that it may interfere with the ability of
c-Cbl to be recruited to the receptor.

DISCUSSION

Understanding the cell and molecular biology of hominoid-
and human-specific genes and proteins may provide a unique
opportunity to better understand physiologic regulatorymech-
anisms in humans. Our studies here suggest a potential mech-
anism by which TBC1D3may act as a regulator of signal trans-
duction and as an oncoprotein. We have focused our efforts on
TBC1D3D, although experiments on a second paralog
(TBC1D3) have produced results indistinguishable to those
reported here.
Growth factor receptor signaling is a major determinant of

cell proliferation in normal cell and tissue development and in
cancer. Recent work has shown that growth factor receptor
activation and endocytic trafficking are linked (26, 27). We
report that expression of TBC1D3, initially identified as a pros-
tate and breast cancer oncogene, increased the basal level of
cellular growth and enhanced the proliferative response to
EGF. Enhanced cell proliferationwas correlatedwith a substan-
tial increase in EGF binding and a decrease in EGFR degrada-
tion. EGFR degradation studies demonstrated that the lifetime
of internalized EGFR is extended in cells expressing TBC1D3,
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FIGURE 8. TBC1D3 inhibits EGFR ubiquitination and c-Cbl recruitment.
HeLa cells stably expressing TBC1D3 or vector alone (V) were incubated with
100 ng/ml EGF for 5 min at 37 °C. Cells were washed and lysed, and EGFR was
immunoprecipitated as described under “Experimental Procedures.” Proteins
were separated by SDS-PAGE and probed using antibodies specific for ubiq-
uitin, EGFR, and c-Cbl. The bar graph (lower panel) was derived from densito-
metric analysis of Western blots normalized to EGFR total amounts. The data
are presented as means � S.D. of three independent experiments (*, p � 0.01;
**, p � 0.001).

TABLE 1
TBC1D3 does not affect EGFR polyubiquitination
NR6:hEGFR cells expressing TBC1D3 or vector alone were stimulated with EGF for
5 min, EGFR was immunoprecipitated, and ubiquitination was explored by Ub-
AQUA analysis. Values represent % total EGFR-associated ubiquitin� S.D. (n� 3).

EGFR
Control TBC1D3

%
Lys-63 32.67 � 1.46 33.23 � 1.49
Lys-48 10.20 � 0.64 9.83 � 1.56

EGFR GFP-TBC1D3 merge

FIGURE 9. TBC1D3 localizes at the plasma membrane. HeLa cells were
transfected with green fluorescent protein-TBC1D3. After 36 h post-transfec-
tion, cells were fixed and processed for microscopy as described. EGFR was
detected using a mouse monoclonal antibody followed by an anti-mouse
Alexa594 conjugated antibody (red). Images are representative of three inde-
pendent experiments.
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by causing a delay in the exit of the receptor from an early
endosome compartment en route to the degradative compart-
ment. TBC1D3 is active in both human and mouse cells, and
siRNA studies in human cells indicated that silencing TBC1D3
depresses EGFR signaling and enhances EGFR degradation.
TBC1D3 appears to be expressed in human cells at very low
levels, and although available antibodies readily detect exog-
enously expressed TBC1D3 in mouse or human cells, routine
detection and quantification of endogenous by Western blot-
ting were not reliable. We used semi-quantitative RT-PCR to
evaluate the effects of siRNA silencing of TBC1D3. To evaluate
EGFR degradation in TBC1D3-expressing cells, we used three
different approaches: quantification of the levels of receptor
remaining after EGF stimulation byWestern blotting,measure-
ment of EGFR synthesis and turnover using radiolabeledmethi-
onine, and lightmicroscopy to follow receptor localization.Our
findings reveal delayed EGFR degradation and altered traffick-
ing rather than enhanced biosynthesis. The endosomal com-
partment where internalized EGFR accumulates in the pres-
ence of TBC1D3 is reminiscent of that reported by Zerial and
colleagues, who found that a fraction of internalized EGFR was
diverted to a compartment that recruited APPL1, a multido-
main-containing protein that physically carries the signal
from the EGFR signaling sites into the nucleus (28). Simi-
larly, both APPL1 and TBC1D3 interact with the small
GTPase Rab5, a well known regulator protein in several
growth factor signaling and trafficking cascades. Further
investigation is required to elucidate the nature and origin of
this endosomal compartment.
Parallel to the effects on endocytic trafficking, TBC1D3

substantially suppressed the ubiquitination of activated
EGFR. Reduced EGFR ubiquitination, in turn, appears to
correlate with suppressed recruitment of c-Cbl, the E3 ligase
that catalyzes EGFR ubiquitination. Moreover, in pulldown
experiments, TBC1D3 was found to interact either directly
or indirectly with c-Cbl (data not shown), and this interac-
tionmay hamper the efficient recruitment and binding of the
E3 ligase to EGFR. This notion is supported, in part, by the
localization of TBC1D3 in structures located at the plasma
membrane. We cannot exclude the possibility that TBC1D3
stimulates the action of deubiquitinating enzymes that
remove ubiquitin from proteins such as EGFR and prevent
ubiquitin-mediated degradation of proteins. There is a large
collection of deubiquitinating enzymes encoded in the
human genome (29). UBPY (also called USP8) is known to
prevent EGFR degradation, to activate Erk signaling when
overexpressed, and to block progression of the cell cycle
when deleted (30, 31). Finally, TBC1D3 may also affect ubiq-
uitin-like proteins, such as NEDD8, that covalently couple
EGFR after ligand stimulation in a Cbl-dependent fashion (32).
NEDD8 residues targeted to the receptor may serve a redun-
dant function to ensure EGFR degradation. Inhibition of EGFR
neddylation by TBC1D3might explain the reduced ubiquitina-
tion of the receptor.We cannot rule out the possibility of EGFR
recycling to the cell surface in the absence of ubiquitination in
TBC1D3-expressing cells as another cause for extended EGFR
signaling. However, more extensive studies should be made to
address this point.

To establish whether TBC1D3 alters the quality of EGFR
polyubiquitination as an explanation for delayed degradation,
we analyzed EGFR ubiquitin linkages using the recently devel-
oped ubiquitin-AQUAmethodology. The results, however, did
not reveal significant qualitative differences between cells
expressing TBC1D3 and the controls. These observations are
consistent with previous reports using the EGFR mutant
Y1045F. This pointmutation abrogates phosphorylation of res-
idue 1045; however, while the ubiquitination of the receptor
was impaired and c-Cbl binding diminished, the forms of ubiq-
uitin conjugated to EGFR were of identical composition to
those seen on wild-type EGFR (24). A plausible explanation for
these findings is that in both cases (i.e.by expressing theY1045F
mutant or aberrantly expressing TBC1D3) when EGFR gets
modified, it gets fully modified. The main physiological effect
(increased/prolonged EGFR activity) results not from a differ-
ence in the composition of the ubiquitin signal on any given
ubiquitinated EGFR, but rather from a decrease in the propor-
tion of totalmodified receptor.However,we cannot rule out the
co-existence of various EGFR pools with different ubiquitina-
tion levels as the outcome of expressing TBC1D3.
In addition to the extended lifetime of the internalized EGFR,

elevated signaling by the EGFR in cells expressing TBC1D3
may be due to enhanced priming of the Ras activation path-
way. We noted elevated levels of activated Ras in cells
expressing TBC1D3 without EGF stimulation. GTP-Ras lev-
els in cells expressing TBC1D3 are further enhanced by EGF
stimulation. It is possible that TBC1D3 acts directly or indi-
rectly to alter the mechanism of GTP-Ras production, either
by elevating guanine nucleotide exchange on Ras or by inhib-
iting GTP-Ras hydrolysis. Experiments to resolve this issue
are underway.
Lastly, TBC1D3 contains a TBC domain that was initially

reported to be a Rab5 GAP (2). Using a GAP assay, including
RN-Tre, awell knownRab5GAP as a positive control, we found
that TBC1D3 has no GAP activity (data not shown). Moreover,
Tre-2, a hominoid-specific chimeric protein, linking an ancient
ubiquitin ligase domain with a domain possessing 89% identity
with the TBC domain of TBC1D3, has also been found to have
no GAP activity (33, 34). GAP domains have a motif character-
ized by an “arginine finger” required for their catalytic activity,
as contained in RN-Tre and RabGap5 (35), two proven Rab5
GAPs. TBC1D3 lacks the arginine that is critical for GTP
hydrolysis. Inspection of the TBC domain of each of the
TBC1D3 paralogs revealed that this key arginine residue has
been replaced by a glycine (Gly-151). Although TBC1D3
binds to Rab5 in pulldown experiments and interacts with
Rab5 in translation experiments in vitro (data not shown),
we believe that TBC1D3 operates as a Rab5 effector, not a
Rab5 GAP. This function may be similar to a recent finding
by De Camilli and colleagues (36), who found that OCRL, a
phosphoinositide phosphatase regulating endocytosis, binds
Rab5 and APPL1, the Rab5 effector.
Hominoid- and human-specific genes are more likely to

behave as regulators of complex signaling pathways as
opposed to defining new pathways de novo. TBC1D3 and its
paralogs may play diverse roles in receptor signaling during
development and in regulation of cellular events during nor-
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mal hominoid or human physiology, as well as being a par-
ticipant in a raft of proliferative diseases. Future work will
focus on the function of these paralogs as well as the regula-
tion of their transcription and expression. Understanding
the mode and mechanism of action of TBC1D3 may provide
a unique insight into recently evolved genes that modulate
signaling pathways in a human-specific manner and provide
a platform for exploring the role of human-specific genes in
human physiology and pathogenesis.
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E. Peters for excellent technical assistance; D. Owyoung for editing
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Addendum—While themanuscriptwas under review another report
on TBC1D3 appeared “ahead of print” (Frittoli, et al. (37)).
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